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INTRODUCTION

Inflatable occupant restraint systems have been investigated with great

intensity over the past few years due to their tremendous potential in pro-

tecting vehicle occupants during an accident or crash situation. The inflat-

able restraint or airbag has the advantage of being a passive system since

it does not require the occupant to engage any hardware devices, and it also

has the capability of providing more protection than conventional restraint

harnesses. By furnishing a greater surface area over which to apply a re--

strair.ing ;orce, the injury potential to the seated occupant is reduced and

greater protection is afforded him in severe crash environments.

Much of the data and information currently available on airbag systems per-

tains to their application as an automotive restraint system. However, several

test programs have been conducted by NASA and the FAA which investigated

the use of inflatable restraint systems as occupant protection devices in air-

craft crash environments. The results of these tests indicate a considerable

potential for airbag restraint systems and the need for more engineering devel-

opment and study. A series of tests recently conducted by the FAA (Ref 1)

using an automotive airbag system installed in a general aviation fuselage, in-

dicated such improvements in crash survivability and energy absorption cap-

ability that the FAA felt it essential to continue the development of an inflatable

restraint system for use in general aviation aircraft. Therefore, a program

was initiated to investigate inflatable restraint systems and develop a concept

for use in general aviation aircraft.

The objectives of this program were

... to conduct a literature search for crash test reports atd define a sur-

vivable crash profile for general aviation aircraft.

... to investigate all inflatable restraint systems pesuntly aNailale and

being developed to determine each system's advantages and disadvan-

tages.
, I



... to conduct a literature search on studies to determine the op-

timum energy absorption characteristics for attenuation for both

longitudinal and vertical crash loads.

... to determine design goals for laninflatable restraint system

for general aviation aircraft.

... to develop a concept of an inflatable restraint system that will

meet the design goals, not interfere with any operational require-

ment of the aircraft, and have a minimum of maintenance and

deployment difficulties.

The program conducted to meet these objectives required three phases of
effort. These were data collection, establishment of design goals, and

concept development. The first phase consisted of collecting data on crash

acceleration profiles, inflatable restraints, energy attenuation criteria, and

airframe dimensions. With this information and available human tolerance

data, it was possible to determine design goals for inflatable occupant re-

straints that could be used in general aviation aircraft. Once the design

goals were established, airplane cabin dimensions and inflatable system

performance specifications were used to develop an airbag restraint concept

for general aviation aircraft.

The approach used in developing this concept was to study inflatable restraint

systems and their interaction with a seated occupant, restrained by a lap belt,

in a general aviation crash environment. The dynamic response of the oc-

cupant-inflatable restraint system was theoretically calculated and used to

determine the best characteristics for an airbag restraint system and the

feasibility of using this type of restraint in general aviation aircraft. The

re6t-.ts indicate that inflatable restraints would adequateiy protect a seated

occupant in a general aviation aircraft from a very severe crash load. This

substantiates the findings of previous investigators such as R. C. Snyder

2



(Ref 2) who found "The overall evaluation of the airbag concept suggests

that it offers potentially far greater protection than that provided by other

systems tested" and C. C. Clark (Ref 3) who concludes "Analytical exam-

ination and experimental crashes in aircraft and crash simulator devices

indicate excellent additional protection would be provided by the airstop

restraint".

An inflatable restraint system offers the general aviation occupant the fol-

lowing advantages.

It reduces the restraint loads.

It is passive; it requires no decision on the part of the occupant.

A :; It is an energy absorption dev ice.

It is a versatile restraint mechanism; many airbag geometries are possible.

The use of an airbag restraint requires that noise level, gas toxacity and

cabin pressure not be injurious to the occupanta. The results of numerous

tests of each of these parameters indicate that levels below human tolerances

can be obtained. However, for a particular inflatable restraint these para-

meters should be measured in an actual operating environment to insure that

human tolerance levels are not exceeded.
.i

It should also be mentioned thRt apparer.t disadvantages of airbag restraints

such as cost, complexity and weight are not unique to an inflatable system.

If aircraft occupants are going to be protected from severe crash loads, then

energy absorption devices of some kind are required and the addition of

R-" these devines in a general aviation aircraft is going to increase cost, com-

plexity and weight. In fact, mechanical devices may ,crease these factors

by a greater amount than an airbag restraint system.



DISCUSSION

LITERATURE SEARCHES

Crash Profiles

In recent years several studies have been conducted to define the crash en-

vironments experienced by aircraft on impact. The results of some crash

tests and accident investigations that pertain to general aviation aircraft are

contained in the following reports:

"Crash Survival Design Guide" USAAMRDL-TR-71-22, U. S. Army

Air Mobility Research and Development Laboratory, Ft. Eustis,

Virginia, Oct 1971.

"A Summary of Crashworthiness Information for Small Airplanes,"

FAA No. FS-70-592-120A, Flight Standards Technical Division,

Federal Aviation Administration, Oklahoma City, Okla. , Feb 1973.

In addition to these reports numerous other publications which contained re-

lated information were examined. All of the reports studied on this program

are listed in the Bibliography.

The "Crash Survival Design Guid , ' (USAAMRDL-TR-71-22) has compiled

existing crash data and determined the statistical distribution of crash ac-

celerations for light fixed wing aircraft. The vertical and longitudinal design

pulses for the 95th percentile accident for light fixed wing aircraft are shown

in Figure 1. Crash acceleration waveforms from full scale crash tests of

light aircraft are given in the "Crashworthiness Design Handbook". The

longitudinal and vertical accelerations from the highest velocity impacts are

shown in Figures 2 and 3. A comparison between the design crash pulses

and the crash acceleration waveforms indicated the triangular design pulse

was at least as severe as the measured accelerations. The design crash

pulses also have a known frequency of occurrence and represent a general

4



Peak G

-Typical Measured Crash Pulse

Suggested Triangular

Avg. G - 1-- DeqjgnL~ulij,,

llnI II I

T

T

95th Percentile Crash Accelerations

Velocity
Change Pulse Duration

Impact Direction (fps) Peak G Average G "T" Second

Longitudinal 50 30 15 0.104

Vertical 42 48 24 0.054

Figure 1. Design Crash Pulses for General Aviation Aircral't
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crash condition which can be easily described mathematically. For these
reasons the design crash pulses given in Figure 1 were chosen as the input

accelerations for the vertical and longitudinal directions.

Crash Pulse Shape Effects

The triangular waveorm of the design crash accelerations was chosen as a

representative pulse shape for the major impact in small aircraft accidents.

Since aircraft crashes do not generate pure triangular pulses, the effects of

pulse shape and high frequency structural ringing on the response of the
'' Iseated man system should be mentioned.

Previous investigations (Ref 4 & 5) have shown that the restrained seated oc-

cupant responds to an impact in the longitudinal and vertical direction as a

linear single degree of freedom system. The equation of motion for a single

degree of freedom system subjected to an acceleration input is:

X +2;WX + =-A(t) (1)
r n r r

where Xr relative displacement

C = damping ratio

to11 = natural frequency

A (t) input acceleration

This is the differential equation of motion for a damped linear system. The

response of this system to a unit impulse, A (t) = ,(t) ,is:

X (t) e- sinw t (2)

where W i

8



For the seated restrained occupant it has been found (Ref 4 & 5) that:

=0.3

62.8 rad/sec

If the damping term is neglected ( = 0), equation (1) becomes:

Xr+2.X =-A(t) (3)r h r

This equation describes the motion of an undamped linear system whose im-

pulse response is given by:

X (t) 1 sinw t (4)Xr W n
n

Examination of equation (2) and (4) indicates the undamped systems re-

sponse will be a slightly higher frequency and will not have an exponen-

tially decaying amplitude. Since the change in frequency is small (5%)

and the increased amplitude will not influence the comparative analysis,

the response of the undamped system was used to investigate the effects

of pulse shape variation.

The pulses examined were symmetrical pulses of retangular, half-sine,

versed-sine and triangular shapes. The analytical expression for these

inputs and their responses are given in Appendix A.

The basis for comparison of the different pulses was to assume that all

pulses had equal time duration and area. For an airplane crash the input

acceleration applied to the seated occupant is primarily a function of the

impact surface and the structural response of the aircraft. Since the air-

craft's structural response depends on the natural frequency of the fuse-

4 '. lage, it appears that the pulse duration of the input should be a function

of the particular airplane. The shape of the acceleration pulse would de-

pend on the deformation characteristics of the impact surface. The assump-

tion that all pulses have equal area means that the velocity changes for all

inputs are the same. 9



The normalized time responses of the four pulses for different ratios are

given in Figure 4 (Ref 6)

= time duration of input pulse

T = natural period of system

The responses shown in Figure 4 indicate that the relation between -and T

influences the system's response to different pulse shapes. If the time

duration of the input is long in comparison to the systems natural period
( 1), then the effect of pulse shape variation is quite noticeable. How-

ever, if - is small ( > j) the effect of variation in pulse shape become

negligible. For the two design crash accelerations previously selected the

pulse widths are:

longitudinal 104 msec

vertical 54 msec

, This results in 1 for the longitudinal direction and for the vert-

ical direction which means that the shape of pulse will influence the longi-

tudinal response but will not have much effect on the vertical response.

Examination of the crash data in Figures 2 and 3 indicates that there is

high frequency structural oscillations riding on top of a basic acceleration

pulse. The effects of these high frequency oscillations can be determined

by looking at the magnitude of the frequency response of a linear single

degree of freedom system. The frequency response of a linear system

can be defined as the complex magnitude of the transfer function evaluated

over the frequency range of interest. The transfer function for a single

degree of freedom linear damped system is (Ref 7)

F2 2I-
4. G(jw) = jW) + 2w (jw) +nf n

where w = variable frequency

By defining the log magnitude (Lm) of G (jw ) as

Lm G (jw) =20 log G (jw) db

10
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and plotting this as a function of frequency a frequency response curve,

such as that shown below, can be determined.

10

5

s -5 •

-10

1.0 W/Wn

From the crash data, it appears that the structural oscillations have a

frequency of approximately 100 Hz. Since % for the seated occupant is

10 Hz it can be shown (Ref 7) that the log magnitude at 100 Hz can be ap-

proximated by

Lm = -40 log- db

For w = 100 Hz Lm = -40 db which means that tbe amplitude of the high

frequency oscillations has been reduced by a factor of 102. If the frequency

of these oscillations were 50 Hz their amplitude would still be down 28 db.

In other words. the high frequency structural ringing will have little or no

effect on the seated occupant.

Inflatable Restraint System

A survey of available reports and publications on airbag systems was con-

ducted and those documents which contained relevant information were

collected. Abstracting sources (DDC, STAR, etc.) were reviewed for

current reports related to inflatable restraint system operation. A report

bibliography was requested and received from DDC. Also a large amount

of in-house literature was examined in areas pertaining to airbag systems.

All of the reports collected and received are listed in the Bibliography.

12



Several of the publications listed in the Bibliography contained information
and data that was directly applicable to this program and are listed below

with a short summary.

Trosien, K. R., and Patrick, L. M., "Steering Wheel Airbag Collision Per-
i formance", Wayne State Univ., SAE 710020, Society of Automotive Engineers,

New York, N. Y., Jan. 1971.

An experimental test program for steering wheel restraint systems was con-

ducted using a barrier impact facility. The following conclusions were
drawn from the test results.

1. The airbag can be triggered and inflated after collision initiation in

time (40-50 ms) to provide driver protection.

2. The airbag cushions the face and abdomen at velocities up to 30
m.p.h., and prevents injurious concentrated loads when the im-
pact is centered.

3. The efficacy of the steering wheel airbag installation in mitigating

injury is increased by lap belt usage.

4. Head accelerations were below the 80L/3 ms injury criterion in all

cases of impact to the bag.

5. Rebound velocities up to 9 m.p.h. appear satisfactory and achiev-

able at impact velocities up to 30 m .p .h. barrier equivalent.

6. Velocities up to 86 m.p.h. were imparted by the inflating airbag to
the arm initially across the steering wheel. No fractures or head

-t accelerations in excess of 80g/3 ms injury criteria resulted from

arm and hand impact to the head under these conditions.

13



7. The steering column should not rotate (bend) upward during

frontal impact to expose the lower rim to abdominal impact.

Also, column bending inhibits collapse of the column.

8. Bag shape, size, and pressure blow-out valve should be de-

signed to cause column collapse prior to bag collapse.

9. Bag and column should operate together to achieve maximum

driver decelerating distance--the airbag does not eliminate the

need for energy absorbing column.

10. Provision for protection from off-center (and oblique) impacts is

necessary and can be attained by using a large bag to prevent the

driver from wedging between the steering wheel and the door.

Pflug, J. A., "Dynamic Problems with an Air Bog Restraint System", Ford

Motor Co., SAE 710021, Society of Automotive Engineers, New York, N. Y.,

Jan. 1971.

Crash testing has revealed dynamic problems with present designs for air-

bag passive restraints which must be resolved. Out-of-position occupants

can restrict deployment of the airbag or affect its restraint action. In

rollover and side impact accidents, today's airbag offers only minimal re-

straint. Accordingly, it appears essential to use lap belt, in combination

with airbags, to achieve an improved restraint system over current systems

when usage rates and effectiveness are considered. The noise level created

by airbag actuation may exceed tolerance levels in some humans. Inadver-

tent deployment of airbags could compromise the driver's control of the

vehicle. These and other technical problems listed below must be resolved

before such systems are furnished in automobiles to be sold to the public.

1. Out-of-position occupants would not have the intended protection

from the airba .

14



2. Braking prior t(, impact pitches the occupant forward which could

restrict bag deployment and result- in the occupant being lifted so

that his head would impact the vehicle.

3. The out-of-position childmay be particularly vulnerable to injury
caused by the inflating airbag.

4. In rollover, the airbag would provide little restraint to the lateral

movement of the occupants and seat belts appear to continue to be

necessary.

5. In side impacts, intrusion would occur before bag inflation could

be achieved and protection in the form of vehicle structure and pad-

ding would be required.

6. Noise level and pressure buildup produced b, aL'bag actuation may

exceed human tolerance levels.

7. Protection below 10 m.p .h. where serious injury can still occur

must be achieved by means other than the airbag, such as padding

and seat belts.

8. The unavoidable small number of inadvertent actuations of the

airbag can have serious consequences.

The airbag passive restraint system has the potential to be greatly effective

in specific crash conditions. But, there is much evidence that leads to the

conclusion that the lap belt should remain a part of the total res*. aint system.

It will control the original occupant position and restrain his movement dur-

ing braking, low speed impact, and rollover. Early production installations

of airbags will, with the retention of lap belts, contribute to additional

safety in frontal collisions. However, there is continuing work to be done

to optimize airbag shape, location, size, deployment time, and deflation

rate.

15



Martin, D. E." "Theoretical Limits of Inflatable Restraint Performance",

General Motors, International Conference on Passive Restraints, NATO,

Midland, Mich., May 1970.

The theoretical limits of airbag performance were established using the

assumption that the airbag force is constant and the Severity Index should

not be greater than 1000. From this it was determined that, the distance

available for stopping the occupant within a given time decreases as impact

velocity increases, and the stopping distance required to prevent injury

increases as the impact velocity increases. The intersection between these

two regions determines the operational capability of an inflatable restraint

system and is illustrated in Figure 5.

In addition to reviewing the literature, inflatable system and components

manufacturers were asked to supply data and information on airbag re-

straints that are currently available. The companins listed below were con-

tacted:

Allied Chemical
Automotive Products Division
Mt. Clemons, Michigan

Atlantic Research Corporation
Alexandria, Virginia

B. F. Goodrich
Akron, Ohio

Eaton Corporation
AAuto Cepter Division

Troy, MIchigan

Ensign & Bickford Co.
Space Ordinance Division
Simsbury, Conn.

General Motors
Inland Manufacturing Division
Dayton, Ohio

Goodyear

Akron, Ohio

16
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Olin
Energy Systems Division
East Alton, Illinois

Rocket Research
Redmond, Washington

Sargent Industries
Pico Division
San Francisco, California

Talley Industries, Inc.
Mesa, Arizona

Thiokol Chemical Corporation
Watatch Division
Bringham City, Utah

Uniroyal, Inc.
Mishawaka, Inc.

Irvin Air Chute, Ltd.
Fort Eric, Ont., Canada

From the response to this request, data on the following inflatable systems

were tabulated:

Olin
Energy Systems Division
Safe-T-flate

Rocket Research Corp.
All-Solid Inflator
Aspirator Inflator

Talley Industries, Inc.
Cool Gas Generator

Thiokol Chemical Corp.
Wasatch Division
Gas Generator

Performance values data and hardware information data on these systems

are presented in Tables I arid II. From these tables, the capability of cur-

rent airbag systems was determined.

18
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Inflatable Restraint Performance Parameters Data

Performance Data

Bag Volume .67-14 cu ft

Bag Inflation Time 20-35 msec

Bag Pressure 1-8 psig

Inflator pressure 2000-4000 psig

Bag Surface Temperature 120-180'F

Ignition Delay 5 msec

Deployment Noise Level 110-164 db

Gas Toxicity Safe

Reliability .99999

Hardware Data

Weight 2-15 lb

Storage Volume (inflator) 20-90 cu in.

Inflation Mechanism Hybrid, Aspirator, Gas Generator

Bag Material Nylon - neoprene coated

Operating Temperature Range -20-220°F

SAirframe Cabin Data

The development of inflatable restraints for general aviation aircraft re-

quired cabin dimensions and seat locations for various airplanes in the
general aviation category. To obtain this information it was necessary to

select specific aircraft and request cabin data from the manufacturers. The

particular aircraft types were determined on the basis of popularity. Busi-

ness and utility aircraft shipments for the first six months of 1971, as pub-

lished in Aviation Week and Space Technology, were examined and the

quantity of each aircraft shipped was determined. From this information a

chart of cabin seats versus aircraft shipped and a chart of aircraft weight

versus aircraft shipped were made. These two graphs are given in Fig-

ures 6 and 7. The data in the two graphs indicated that the majority of

general aviation aircraft could be divided into two groups.
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Group 1 - Pleasure Aircraft

Passengers - 4-6

Gross Weight - 2000-4000 lbs

Group 2 - Business Aircraft

Passengers- 6-8

Gross Weight - 5000-8000 lbs

Airframe manufactuirers who built airplanes falling in either or both of these

groups were requested to supply cabin information on their aircraft. The

companies contacted were:

Aerostar Aircraft Corp.
Kerrville, Texas

American Aviation Corp.
Cleveland, Ohio

Beech Aircraft Co.
Wichita, Kansas

Bellanca Aircraft Corp.Alexandria, Minn.

Cessna Aircraft Co.
Wichita, Kansas

Lake Aircraft
Aerofab DivisionSanford, Maine

Maule Aircraft Corp.
Maultrie, Ga.

North American Rockwell
General Aviation Division
Bethany, Oklahoma

North American Rockwell
Aero Commander Divisior
Albany, Ga.
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Piper Aircraft Corp.
Vero Beach, Florida

Piper Aircraft Corp.
Lock Haven, Pa.

From the response to this request and from inspections of the actual aircraft,

layout drawings, showing interior cabin configurations, were made for the

following aircraft.

Beech Musketeer Custom

Cessna .2kyhawk

Piper Cherokee 180

Beech King Air

Piper Navajo

These drawings were used in a latter phase of the program to develop in-

flatable restraint concepts.

K! Energy Absorber Criteria

Energy attenuation characteristics for optimum protection of the seated occu-

pant in the vertical direction were recently investigated and defined in the

following report:

Carr, R. W. and Phillips, N. S., "Definition of Design Criteria for Energy

ij Absorption Systems", NADC-AC-7010 Naval Air Development Center, War-

minster, Pa. , June 1970.

This study investigated the dynamic response of the seated man energy ab-

sorber system, shown in Figure 8, and determined the force deflection

characteristics of an optimum energy absorber. The physical response

system used a seated man model which consisted cf a single degree-of-

freedom, spring mass damper system with a natural frequency of 10 lIz, a

damping ratio of 0.3, and a mass equal to that of the man. Placing this model
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on a simple model of the seat and energy absorber, the equations of motion I
for the system were found. Crash accelerations were applied as an input

and a computer program was used to solve for the seat acceleration. This
acceleration was then used as an input to the injury response model whose

output is a Dynamic Response Index (DRI) which provides a measure of

spinal injury probability. By adjusting the force deflection characteristics

of the energy absorber, a seat acceleration was found which generated an

ideal DRI response.

DRI is defined as:

2 __W 6max= K 6max
DRI = n

hwhere w = natural frequency
n

6= compression of spring

g = gravitational acceleration

The ideal DRI response is one which reaches and holds a certain value of
6 max in the shortest time and the force displacement curve which generated

this type of response was defined as an optimum energy absorber character-

istic. The wave shape of this force-deflection curve deviated from those of

conventional energy absorbers and is shown in Figure 9.

Energy attenuation characteristics in the longitudinal direction have not been

as well defined as those in the vertical direction. Investigations in this area

. ~;have been primarily with respect to the motions of the upper torso and re-

straint forces imposed on the upper torso. None of the reports surveyed

during this program studied or defined the energy absorption characteristics

required to attenuate the horizontal load vector. However, an optimum force-

deflection curve for the longitudinal direction can be theoretically determined4 using the severity index (Ref 8) and the initial velocity of the upper torso.
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Severity index is defined as

ti

S.I. I i a 2 5 dtto

where a = acceleration of the head

to = initial time

t I = finial time

Since the severity index is to be minimized, and it is defined in the Lagrange

Variational form, calculus of variations can be used to determine the opti-

mum acceleration Iti 2t0 d
Minimum S.1. = 1t1 a 2'dt

to0

subject to the isoperametric constraint

Velocity Change AV = 1 a dt
V to

The augmented functional then becomes

I(S.I.) = 1t (a2 ' + ha) dt
a to

where h = Lagrange multiplier

from the Euler-Lagrange equation

! ' "a = 3 / h _ z
2.5

a h. 215

substituting into the velocity equation.

AV= It ' h-- 3 dt
to 25
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AV 2 ) 2 (tI - t o)2S

h 2 /3  (2.) 0AV
ti - to

Substituting this into the equation defining acceleration.

AVat i- to

This equation says that for a given velocity change, the optimum head ac-

celeration is constant whose value depends on the time interval (t I-to). If

the acceleration of the head is to be constant then the force exerted on the

head to restraint motion must also be constant. This implies that for opti-

mum energy attenuation in the longitudinal direction a constant force or

square wave device should be used.

DESIGN GOALS

Inflatable Restraint Model

A model of an airbag system was developed to assist in defining the design

goals for an inflatable restraint system. The airbag model has the charac-

teristics shown schematically in Figure 10. The model is basically a thermo-

dynamic system with an associated dynamics problem within. As the high

pressure bottle exhausts, energy is added into an expanding bag. The bag

has inertia by virtue of its mass, and a retrding force due tc aerodynamic

drag. Additionally, as the bag expands, work is done against the atmos-

phere in displacing the volume of the bag. The air entering the bag is the

thermodynamic system in that it has a certain amount of energy as it enters

the bag, it does work, and the loss of energy results in an equilibrium be-

tween bag size, gas temperature, and bag strain.

The dynamic system is the bag configuration as defined by its size and

weight. A configuration was chosen such that a volume and displacement
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adFreX. Optimum Crash Protection
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and Temperatures

IX. Revised Configurations
and Initial Conditions

Figure 10. Airbag Model Flow Chart
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relation could be established. That is, as the bag is forced away from its

attachment points, there must be some method of relating volume that exists

as the bag surface advances. It could be hemispherical, rectangular, or

any arbitrary choice. As the outer surface accelerates it must do so because

it is a mass acted upon by the internal pressure of the gas, retarded by drag,

inertia and the elastic action of the bag.

The airbag model developed is not a fixed pressure, fixed volume model that

only examines the response after steady state inflation exists. Rather it is

a model that examines the total response of the bag during inflation and during

impact. The system solved generates the response as a function of time that

reflects the thermodynamics and dynamics of the gas and the bag.

Air Bottle

The air bottle is the energy source of the system. It is a high pressure bottle

specified by particular values of pressure, volume and temperature. For

this program nitrogen was used since enthalpy curves were easily available

from existing data. The bottle is assumed to be an adiabatic control volume

bottle. The exhausting of the gas is an isentropic process.

Nozzle

The nozzle is described by an area and nozzle coefficient. These and the

bag and bottle pressures dictate the mass flow into the bag. The type of

flow is dictated by the pressure ratio across the nozzle. For nitrogen there

is a critical pressure ratio defined by the ratio of specific heats, K. If the

pressure ratio across the nozzle is less than the critical, the flow is super-

sonic and the mass flow is only a function of the properties of the gas in

the bottle. If the ratio is greater than critical, the flow is subsonic and the
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mass flow is a function of the pressure ratio across the nozzle. Hence, the

pressure ratio is monitored in the program to insure that the flow is cal-

culated according to the correct supersonic or subsonic equations.

Thermodynamics Equations

As mentioned, the thermodynamics balance must be calculated for the gas

that enters the bag, expands within the bag, and exits through a blowout

patch. The equation is

AQ - AW = AE

which is the deceptively simple equation indicating that if heat is added to

the gas, and work extracted; then the temperature changes accordingly.

The next step is to isolate the elements of the equation.

Energy Values

The energy that enters the bag is

AE (h(T) + V2 (T ) m(t)dt

where h (T) is the specific enthalpy (BTU per pound)

V is the velocity (feet per second)

g is the gravitational constant (feet per second square)

m is the mass flow (pound-second square per sec square)

The energy is calculated knowing the temperature and mass flow at the

nozzle. The specific enthalpy is known from a chart or table giving the

value of enthalpy as a function of temperature(Ref 9) . Hence A E is the

number of BTU's transferred from bottle to bag.

The energy lost through a blowout patch is calculated by the same relations.

The flow through a patch ia analytically identical to that through a nozzle.
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There is no other energy transfer. This is because of the definitions that

are consistent with the First Law of Thermodynamics. Energy is carried into

and out of the control volume and does not cross the boundaries.

Work Values

The bag inflation given requires work to be taken from the gas. The first

example is that of bag inertia. The bag configuration assumed is shown

below:

: /

Direction of Inflation

Initial Volume

Final Volume

The bag inflates as the frustrum of a pyramid. The dimensions are arbitrary

so that any size bag can be used. As the bag inflates, the volume is developed

by having the material unfurl along the framework shown. As this happens

the end plate increases in area as do the sides and tops, according to the

dimensions fed into the program.

The work required to do this is the integral of force times velocity. That is,

AW = I (FV)dt

where F is the force generated (pounds)

V is the velocity (inches per second)
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As an example, the force generated by the end of the bag is

where m is the mass of the end

x is the acceleration of the end.

The mass is purface area times areal density, and hence the work can be

written:

AW f(A • P K x i)dt

This indicates that the work (thermodynamic) is related to the displacement

of the bag (dynamics). The work of the sides, top and bottom are similar

except that the accelerations and velocities used are functions of the end dis-

placement. This is because the center of gravity of the side does not travel

at the same acceleration and velocity as does the end. However, the relations

were evaluated as function of bag and cap displacement.

Atmospheric work is the most easily recognized because it is simply

AW = fpdv

where p is the differential pressure (pounds per inch square)

v is the volume (cubic inches)

The work against bag stretch was incorporated because of data available from

Rocket Research Corporation. It was known empirically that previous bag

inflations have followed the equation

vP =1 + O.1p ° . 623

V
0

where v is the pressurized volume

v is the volume at zero gauge pressure0
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This was used to calculate bag stretch work as

L W fpdv

Aerodynamic drag creates work according to the equation

L W = fF - vdt

where F is aerodynamic drag as described by

F= p V 2SC 0

where -;s atmospheric density

V is the bag velocity

S is the surface area

C ,s the drag coefficient
0

Hence the aerodynamic work is again a function of the bag dynamics since

it is:

SW UPx2A ()CLW (] px 2 (x) C -*idt

Dynamics Equations

As the bag accelerates outward the motion is described basically by

F = mx

The bag has a certain mass and is acted upon by a pressure over the end

cap area. The equation of motion for the end cap is

mx= p A - Drag - Elastic Restraining Force

The mass of the end cap was established as was the area and drag. The

elastic force was evaluated by assuming that the strain over the bag surface
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is uniform. That is, the bag dimensions elongate by some incremental

amount to create a volumetric change. This results in the expression

AV=WH +LAW +HAL

where W is the width of the bag

H is the height

L is the length

AL AH AW
for uniform strain e A T- =-_ WL H W

This results in

AV=V 0

where V0 is the volume at zero gauge pressure.

Therefore the elastic restraining force is calculated by

F =E - e (2W+ 2H) The

where E is Youngs Modulus for the material (pounds per inch square)
e is the strain (inches/inch)

(2W + 2H) is the peripheral length

Th is the material thickness

An additional feature was necessary to calculate the bag motion. As des-

cribed above, the bag should accelerate outward as pressure is generated

within the bag and gradually be retarded by drag, inertia and elasticity.

Unfortunately this was not correctly interpreted either theoretically or

realistically. Because of the small mass of the bag, the acceleration of

the end cap was extremely large and therefore so was the initial velocity.
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In fact the velocity was so great that the drag calculated generated forces

sufficient to analytically shove the bag back into the bottle. This uncovered

the problem that indicates the true motion of the bag.

The end surface with the inital burst of pressure deforms as a membrane

and elongates pulling the bag out of its container. Hence the true Velocity

of the bag through the air is something less than the motion of the center

of the end cap. This was accounted for by analytically-incorporating aI diaphragm into the end of the bag. The equations for a membrane are well

known and were used to calculate the displacement as a function of pressure.

This was used to calculate the response of the bag as a two-body problem.

I X B

The bag surface X moves according to Newton's Law as a mass accelerated

by the bag pressure and restrained by the elasticity of the membrane. The

remainder of the bag is then accelerated by the elastic force of the membrane.

This creates a system whereby the initial burst of pressure causes the bag

to deform at the surface, but the drag is dictated by the motion of the bag,

XBa out from the reference line.

Program Operation and Logic

A computer program was written which solved the dynamic and thermo-

dynamic equation. A listing of tais program is given in Appendix B.
The program functions in the following manner. The high pressure nit-

rogen expands through the nozzle and into the bag. As it does so it

carries energy into the bag and the pressure acts to move it away from

its reference. In moving the bag works on the atmosphere against drag

and inertia to create a volume. The work subtracted from the input

energy dictates an amount of energy that establishes the temperature.

Since the volume, mass and temperature are known, the pressure is
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evaluated and the cycle repeated. The equations are both differential and

thermodynamic- and the computer routine uses iterative techniques to solve

them. The solution determines the particular combination of variables that

permit the pressures that exist across the nozzle, to agree with the pres-

sure in the bag that has created the bag volume and system work.

The program recognizes the supersonic and subsonic flow conditions for the

system. It also recognizes that the blowout patch cannot actuate without

having the bag unfurled. The patch is established as a particular pressure

level patch. A 20 psi patch will "blowout" when the pressure exceeds 20 psi

per gauge. However, as seen in the data, the airbag pressure has a large

spike initially when it is not realistic for the patch to release. To overcome

this it is established that until the bag reaches its zero psi gauge level vol-

ume, the patch will not release.

Longitudinal Response Model

A lumped parameter model of a seated occupant was developed on this program

to determine the design goals for the longitudinal inflatable restrain system.

Two previous models of a seated human (Ref 10 and 11) were studied and

applicable features of each one incorporated into the model shown in Figure

11. The model consists of two masses: M u representing the upper torso

and head; M 1 representing the lower torso. These two masses are tied to-

gether at a pivot point P which is the axis about which M rotates. Point P

is also the attachment point for the lap belt. Blb and Klb are the damping

and stiffness coefficients for the lap belt, while B th and Kth are the rota-

tional damping and stiffness coefficients for the upper torso. Two restrain-

ing forces are used in the model. F a is the force exerted on the upper torso

by th airbag and Ff is the frictional force between the lower torso and the

seat.

The equations of motion for the longitudinal response model are

MtXl,=Mu .Rt .coso .'6+M .Rt .sine -•2_F .cose-Fb -Ff
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ItB=Mu ORt sineog-Mu *Rt cos6o x-B 6-K 6-F R
uth th aRs

where M t = M + M1

Rt = radius of torso c.g.
Flb = lap belt force

I= upper torso inertia

R= radius of shoulders

Ff =.frictional force

Anthropometric data used to determine the parameter values were obtained

from the Bioastronautics Data Handbook (Ref 12). The mass terms (Mui M1

and It ) were determined from the weight of the occupant by multiplying

body weight by an appropriate constant,

M (.225) WB
u g

M (.275) WB

I t=Mu . (R t) 2

where WB = occupant weight

g = 32.2 ft/sec 2

The linear distances that determine the location of the torso c.g. (Rt)

shoulder height (Rs ), and head c.g. (Rh) also depend on the occupant's

size. By examining the distribution of these values as a function of occu-

pant weight, a linear approximation for each distance was determined.

Rt = .0546 * WB + 9.24

R = .0546 * WB + 14.24

Rh= .0625 "WB + 21.2
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With these equations, all the anthropometric values required to find the

motion of the model can be computed by just knowing the occupant's weight.

Lap belt forces (Fib) were determined from load elongation characteristics

of restraint harness materials. Previous studies of the dynamic proper-

ties of nylon and dacron webbing (Ref 13) indicate that the load elongation

curves for these materials is almost linear under impact conditions and that

the slope is about 55,000 lb/ft. This value was used as an elongation constant

and the lap belt force was calculated as a function of belt elongation and

the relative velocity between the occupant and seat. The equation for cal-

culating lap belt force was

Flb =Klb Elg + Bib .Vr

where Eig belt elongation

Vr = relative velocity

The airbag force (F a ) was modeled as a constant force applied at the shoulder

of the occupant. The shoulder was selected as the midpoint of the airbag

contact surface and therefore was the application point of the resultant air-

bag force. The seat friction force Ff was determined from the occupants

weight and the vertical component of the lap belt force. The equation used

to calculate the seat friction force was

Ff = • (WB +Flb sin a)

where i = coefficient of friction

The equations of motion, the anthropometric equations, the lap belt force,

airbag force, and frictional force equations were programmed for solution

on a digital computer using MIMIC (Ref 14). A listing of this computer

program is given in Appendix C. The results generated by this program

were compared with data from sled tests conducted on human subjects re-

strained by a seat belt and/or airbag (Ref 15) to accurately determine the
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mode' s coefficients. The lap belt stiffness coefficient (Klb) was selected

from dynamic test data for dacron webbing (Ref 13). Lap belt damping

(Blb), body masses (Mu and M 1) , and the friction coefficient (p.) were ad-

justed until the linear displacement of the whole body and the lap belt

forces were close to the measured data. Once these values were chosen,

the rotational coefficients (Kth and Bth) were selected to match the mea-

sured displacement time profile of the head. Following this procedure,

the final valdies for these coefficients gave the results shown below:

Model Data

Body Displacement 0.9 in 1.0 in
Lap Belt Force 75g# 70g#
Head Angula: Displacement 82 85
Time to Peak 220 ms 230 ms

(head Angular Displacement)

A comparison of the measured and calculated head angular displacement

is shown in Figure 12. Since the model's response compared favorably

with measured data, the refinement of the coefficients was terminated and

model was used to investigate crash input accelerations.

Vertical Response Model

A previously developed biodynamic model of the seated occupant (Ref 16)

shown in Figure 8 was used to determine the inflatable restraint criteria

for the vertical direction. The program was slightly modified to accept the

general aviation crash input and the seat weights. It was then used to find

the energy absorption characteristics that produced the minimum proba-

bility of injury.

Inflatable Restraint Design Criteria

An airbag restraint system for general aviation aircraft should be designed

to provide the maximum protection for the greatest range of occupants. For

design considerations this means keeping the injury potential for the

43



o 0

CU

u

A)

o) E-
'-4 U)

0

C))

00

CDI CDCDC

(SJ2DP) UoTLSOd juIl~uV

44



heaviest occupant subjected to the highest level crash loads within the de-

sign goals. The injury potential design goals for the two restraint systems
investigated during this program were:

Vertical Restraint System - DRI = 18

Longitudinal Restraint System - Severity Index = 1000

The crash loads used were the 95th percentile design crash pulses for light

fixed wing aircraft (Ref 17). The occupant weights were obtained from the

male weight distribution for the flying public (Ref 18). Since a design based

on the heaviest occupant in the case of dynamic systems might prove poten-

tially dangerous to lesser weights, three occupant weights (95th, 50th and

5th percentile) were used for design parameters.

95th percentile 214 lbs

50th percentile 164 lbs

5th percentile 124 lbs

The inital goals treat the longitudinal and vertical airbag restraints as

separate systems. Therefore, the design specification was determined for
two independent systems; vertical and longitudinal. The design specifi-

cation was developed by using the occupant and airbag models previously

mentioned.

Longitudinal Airbag Restraint System

The airbag restraint system for the longitudinal direction must restrain the

upper torso from impacting the control console during a crash environment.

The crash pulse for this environment is the longitudinal acceleration de-

fined in Figure 1. The airbag system must restrain the upper torso so that

the Severity Index is less than 1000. The first item to determine is the re-

straining force the airbag should exert on the upper torso. Using the long-

itudinal response model different force levels were investigated and the

results are presented in Figures 13 and 14.

45



r- co N f

CQC

0 C20

CD

4

0 b

CD C

oD 40

LOU

C)C

46.



-0 C0

C-4 ,-

-1

C
C U )

40

C)q

a 0 C0

CD CD C
Lo lw

47.



The data points in Figure 13 were from computed responses that assumed

the airbag force was applied to the occupant the entire time he was in

contact with the airbag. The airbag force acts as a decelerating force

as the occupant rotates forward and as an accelerating force when the
occupant rotates backward. The airbag stops the occupant from impact-

ing against the control panel and then "throws" him back into,,the seat.

In Figure 14 the data points were obtained from responses' which assumed

the airbag force was only applied as a restraining force during the time

the occupant was rotating forward. As the occupant rotates forward the
airbag deflates in a manner that applies a constant force to the upper

torso. When the occupants forward motion has been stoppped, the airbag

is completely deflated and the occupant returns to his original position

unassisted by any airbag force. From the severity indices computed for

these two cases, the latter one appears much more desirable. There-
fore, the airbag force for each occupant weight was initially selected

from Figure 14.

Once the airbag force has been found the pressure can be determined
from the contact area between the upper torso and the airbag. The con-

tact areas for each of the three occupant weights are given in Appendix
D and the corresponding bag pressures are given in the first rows of

Table III. The Severity Index was determined from Figures 13 and 14.

From this data it appears that a bag pressure around 2.75 psig would
provide adequate protection for all weights. The effects on Severity

Index of bag pressures 3.0, 2.75 and 2.5 psig are given in Table III

with a bag pressure of 2.75 psig having the lowest Severity Index for all

weights.

After finding the pressure for the airbag restraint, the volume can be
determined from the work done in stopping the upper torso. This work

is equal to the torque applied to the upper torso multiplied by the dis-
placement

W=T . e
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FOr-the 214lb occupant this work is W =2445' (.737)

W = 17;950 in.-lb

Knowing the pressure and work, the volume of the airbag can be found.

i 'W= vf Ipdv~v

V.

where p = pressure

v = volume of airbag

Since p is a constant

vf
W p fdv

V.

W p (vf -vi)

- or
or Vf -vi = -

- 17950_ 6500 in.'- 2.5--

Other criteria for the longitudinal airbag were determined from general

aviation cabin dimensions, the longitudinal response model, and current

airbag system specifications. The displacement was determined from the

minimum distance available in a general aviation aircraft. The time required

for the occupant to reach an upright position was used as the deployment

time. The initial angular position of the occupant was reclined 13 degrees.

Surface temperature, noise, and toxicity were determined from manufac-

turers performance data.
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Vertical Airbag Restraint System

The vertical airbag restraint system must function in a manner that prevents

the seat acceleration from exceeding human tolerance levels. This can be

accomplished if the seat support structure (i.e. legs) collapses in a con-

trolled fashion. From a previous study (Ref 16) an optimum force-deflection

curve for seat collapse has the form shown in -Figure 9.

In general aviation aircraft seats, the support structure is generally rigid

and does not collapse. This results in dangerous accelerations transmitted

to the seated occupant in a crash environment. Therefore, a vertical airbag

system must contain a method of collapsing the seat legs. If the legs collapseI
-at the proper time, the collapse mechanism and the airbag system will create

the optimum force deflection curve for the seat. The force "spike" at the be-

ginning of the force displacement curve can be generated by the rigid seat

legs initially remaining in place. When the peak force is reached, the legs

are released and the seat is supported by the airbag. This should create

the "notch" and plateau of the optimum waveform. There are numerous tech-

niques that could be used for collapsing the seat.

The optimum force displacement curves for general aviation aircraft were

determined using the Vertical Response Model and the vertical crash pulse

shown in Figure 1. From these curves the vertical airbag specifications were

found. Since the force displacement curve is a function of occupant weight,

three optimum waveforms were determined. These curves are shown in

Figure 15 and correspond to occupant weights of 124, 164, and 214 pounds.

The seat weight used was 25 pounds. The optimum force deflection charac-

teristics for the 214 pound occupant were used to determine the vertical

airbag criteria since they represent the worst conditions (i.e. highest force

and longest stroke).

The inflatable restraint system pressure was found using an airbag force of

3406 lb and assuming a contact area of 324 in. 2 (18 x 18).
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3406Pressure = 10. 5 psig

The area under the force deflection curve is equal to the work that has to be

done by the airbag and for this case was 41,720 in.-lb. From the pressure

and work, the volume of the bag was found.

vf - i pW/p

41,720 = 3970 in. 3

10.5

The vertical displacement required is 12.5 in. This distance is necessary

to dissipate the energy of the seat and occupant. The inflation time for the

airbag was determined from the time it takes the force to reach the initial

peak and manufacturer's performance data was used to define values for the

surface temperature, noise, and toxicity.

Inflatable Restraint Design Goals

Two sets of design goals for the vertical and longitudinal airbag restraint

systems were defined using the results from previous phases of the program.

Computed responses of the occupant and airbag models and performance data

on current airbag systems were used to determine the goals listed below:

Longitudinal Vertical

Airbag System Airbag System

Pressure (psig) 2.75 10.5

Displacement (in.) 19 12.5

Surface Area (in. 2 ) 313 324

Volume (in. 3) 9750 5950

Deployment Time (msec) 40-50 25-30

Bag Surface Temperature (0 F) 125 0 125 0

Deployment Noise (db) 100 100

Weight (lb) 5 3

Toxicity (Ref 19) emergency unit emergency unit
less than unity less than unity

Overpressure (psig) < 3 psig < 3 psig
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INFLATABLE RE3TRAINT SYSTEM CONCEPTS

Airbag restraint system concepts for general aviation aircraft were devel-

oped using the preliminary inflatable restraint design goals, airbag system

hardware data, and interior cabin dimensions of general aviation aircraft.

Aircraft Cabin Dimensions

Layout drawings of general aviation cabin interiors were made which de-

picted seating arrangements, control locations, instrument panels, and

possible mounting surfaces for inflatable restraints. These drawings illus-

trated the similarity between cabin interiors in different aircraft and were

used to develop a composite interior for a general aviation aircraft. From

this generalized cabin interior and airbag manufacturers hardware data,

four preliminary inflatable restraint concepts for general aviation aircraft

were developed.

Ai'bag System Selection

The selection of the type of airbag system used in the four concepts was

based on a study of the requirements for a general aviation inflatable re-

straint and current inflatable system technology.

General Description - The airbag system that is to be used as an inflatable

occupant restraint for general aviation aircraft is one that deploys and re-

strains the occupants automatically in the event of an accident or crash.

This system should consist of the following components.

1. Crash Sensor

2. Inflator (Energy Source)

3. Inflatable Cushion

4. System Readiness and Diagnostic Indicator

A pictoral diagram of an airbag system illustrating the configuration of these

components is shown on the following page.
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The sensor detects that a crash condition exists snd activates the energy

source. Gas from the energy source flows through the gas distributer (i.e.
manifold and diffuser) and fills the inflatable cushion which restrains the oc-

cupant and protects him from the deceleration forces. The system readiness

and diagnostic indicator detects the failure of a critical component of the sys-

tem and displays a warning signal to the occupant. In the event that no

components have failed, a signal indicating the operating status of the system

is displayed. A cut-away view of a hybrid (stored gas and gas generator)

airbag system developed for automotive use is shown in Fig 16. Two other

types of energy sources for inflatable systems are shown in Figures 17 and 18.

Crash Sensor Selection - The Sensor is the element that detects a crash situ-

ation and supplies an initiating signal to the inflator. This signal is normally

obtained by just a contact closure that ignites a squib in a gas generator or

9opens an orifice in a gas bottle. The development of crash sensors to date

has been almost exclusively oriented toward automotive passive restraint sys-

tems. However, it appears that the technology and techniques developed for
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automotive use are compatable with the crash sensing requirements of a gen-

eral aviation aircraft. Sensors for crash detection can be divided into two

general categories.

... Impact Sensors

... Predictive Sensors

As the name implies, predictive sensors anticipate a crash situation and

actuate before the impact occurs. These types of sensors usually employ

one of the following principle.

... Acoustic Detection

... Optical Detection

... Radar

A comparison of these techniques is given in Table IV (Ref 20). Sensors

using acoustic and optical techniques are currently being investigated in

order to determine their feasibility as crash detectors, however, radar sen-

sors have reached the stage where prototype units have been built and

tested. A radar sensor developed by Toyota Motor Company (Ref 21) is

shown in Figure 19.

Although radar sensors appear to be ideal from a crash detection standpoint,

since they can sense an impact before it occurs, there are some inadequacies

in using them for automotive crash detection. The biggest disadvantage to

a radar sensor is its inability to identify obstacles as hazardous or non-

hazardous (Ref 22). An automobile continuously has objects passing close

to or in front of it which present little or no hazard, yet are detected as ob-

stacles by radar sensors. Some of these objects are

... small metal objects lying on roadway

... water spray from passing vehicles on wet roads

•.. animals running in front of car

trees and metallic signs along roadside.

59



0 14

1 ~ ~ ~ ~C)Wq

wo, V a 0',a

4-4

0 to

4 * d 0 od
0 00 t 1 'l -

0 0 40 4 W a
~4%4 .0

00

4)0 ~4' *4 VH
> 0 0 j-. 4,00W

41 )C

Ca 44

60,



Wave-uide Reception antenna
(lef t)

'Micro-.wave Detector (ieft)
generator;.rctoa-

Detector
Mirection'al(iht

(left)
Transmission antenna

(right)

Schematic Diagram (Reproduced from Ref 21)

Pictorial View (Reproduced from Ref 21)

Figure 19. Radar Crash Sensor
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The reason a radar sensor detects non-hazardous objects is because it bas-

ically depends on the energy of the received signal to determine the size of

an object. This return signal depends primarily on the reflective character-

istics of the target and cannot be related to the physical mass of the object.
This results in relatively small objects with large reflective surfaces, such

as road signs, appearing as big as a full sized automobile or a tree to a

radar sensor

The inability of radar sensors to differentiate or classify potential hazards

is a distinct disadvantage in automotive applications, however, in a general

aviation aircraft environment the differentiation of targets in the flight path

of the vehicle would not be as critical.. Anything in the flight path of an air-

plane, especially in a crash situation, is a hazard and therefore should be

detected. This is particularly true in the case of aircraft crashes with large

vertical decelerations. In this case, the vertical velocity of the aircraft ex-

ceeds that of an aircraft in a normal flight pattern. Detection of a higher than

normal vertical velocity could be easily handled by a radar sensor such as the

one shown in Figure 19. This sensor is typical of bistatic doppler radar sys-

tems that generally operate between 10 and 35 GHz. The term bistatic means

that separate transmitting and receiving antennas are used, and ranging is

accomplished through an overlay of the antenna patterns. The movement of

a reflecting object relative to the transmitting antenna in the radar's field of

view (overlay region) results in frequency modulation of the received signal

(doppler effect). This signal is usually detected by a simple mixer which

uses a sample of the transmitted signal for the local oscillator. A sensor of

this type could be adjusted to detect the earth's surface and the relative ve-

locity between the aircraft and the ground. Since the earth's surface is the

only obstacle that needs to be detected in the vertical direction and since it

has a large reflective surface, target discrimination would not be as big a

problem for aircraft as it is for automobiles. This implies that present state-

of-the-art radar anticipatory crash sensors could be modified for use as a

general aviation crash sensor although the ramifications of practical use of

such a device should be further investigated.
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Impact sensors detect a crash situation by direct measurement of the vehicle's

acceleration and/or velocity change after the initial contact has occured. For

this reason they are called post crash sensors. Crash sensors of this type

generally consist of an inertial mass restrained by a spring mechanism or a

piezoelectric transducer and operate on a principle that allows them to detect

the magnitude and pulse duration of a crash signal. In the inertia sensor-when

an impact occurs, a mass moves away from a neutral position with-sufficient

velocity to Wake contact with a metal terminal. The stiffness of the spring re-

straining the mass plus its travel distance determine the amount of energy

required to detect a crash situation and actuate the sensor. Piezoelectric sen-

sors consist of a mass pressing against a piezoelectric transducer and elec-

tronic circuitry that measures the force and duration of an impact. If a crash

acceleration of sufficient amplitude and duration is detected, the sensor pro-

vides an output signal to initiate an inflatable restraint system. Illustrations

of several impact sensors are shown in Figures 20 and 21.

Both types of inertia sensors have similar response characteristics and are

generally designed to sense critical acceleration w-e forms but not respond

to accelerations which are less severe.

Another variable which determines a sensors response is the time required to

sense critical acceleration. Two sensors can have similar waveform detection

characteristics, but one sensor might take twice as long as the other to detect

a critical acceleration. The determining parameter for response time is the

closure distance, the distance the sensor mass has to move to make the contact

that provides an actuation signal. The longer this distance is, the more time

it takes to sense an input acceleration. By specifying this reponse time and

the critical acceleration waveform an inertia sensor can be designed and its

response characteristics determined by theoretical analysis or testing.

Since most aircraft crashes do not occur as pure longitudinal or vertical im-

pacts, an impact angle over which the sensor must operate is another para-

meter that should be specified. This angle gives the number of degrees off

center a critical acceleration can be applied and still be detected.
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Figure 21. Impact Sensor - Directional

65



The selection of a crash sensor for an inflatable restraint system to be used
-ingeneral aviation aircraft was based on the performance capabilities of

i 1 existing crash sensors, the inflatable restraint design goals, and the crash

design pulses for general aviation aircraft. The current technology of crash

-sensors indicates that inertia sensors can detect an aircraft crash condition

andinitiate deployment of an inflatable restraint system in approximately 5

milliseconds. This leaves 35-45 milliseconds for the. longitudinal airbag to

inflate, and 20-25 milliseconds for the vertical airbag to inflate (see Inflatable

Restraint Design Goals). Since these inflation times are within the capabil-

ities of current airbag restraint systems, it appears that an inertia sensor

could be used in an inflatable restraint system for general aviation aircraft.
For this reason plus the ones listed below, inertia sensors were selected for

use in both the longitudinal and vertical restraint systems instead of radar ,)r

anticipatory sensors.

Inertia sensors

... require a minimum of maintenance

... are inexpensive

... have no obstacle discrimination problems

A crash sensors function is to determine that a potentially dangerous impact

is happening. To be able to accomplish this, a sensor must be capable of

differentiating between severe and non severe crashes. This can be accom-

plished by specifying a critical crash acceleration profile, a minimum

acceleration level, and an actuation time. The critical crash profile is an

acceleration time waveform that is representative of a crash environment.

It is a "typical" acceleration time history that is applied to the crash sensor

during a potentially dangerous crash and an acceleration the sensor must

detect. The minimumr, deceleration or threshold level is the value which de-

termines the severe and non severe impacts. Crashes whose peak acceler-

ations are above the threshold level will be detected provided their time

duration is long enough and accelerations lower than the threshold will not

actuate the sensor. High peak accelerations with very short pulse widths
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and low velocity changes should not be detected since acceleration waveforms

of this type can occur routinely during normal operation or maintenance of
the aircraft. The range of accelerations and pulse widths that will or will not
actuate the sensor can be obtained from the sensor's reponse curve which

generally has the following form.

~actuation
0

4)

threshold
non actuation - level

Pulse width (msec)

The actuation or response time of the sensor is the time it takes for the sensor
to detect the ciritical crash profile. Since it is generally desirable to detect
a crash as soon as possible, the response time can be the time required for
the critical crash pulse to reach the threshold level.

From this discussion of sensor specifications it is apparent that the actual
values depend a great deal on a particular acceleration waveform. Since it

should not be expected that every crash will generate the same acceleration

waveform, the effects of different waveforms should be considered.

Sivce inertia sensors can generally be modeled as a spring-mass-damper

system (Ref 23) whose equation of motion is
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X+ 2 X + w Xr = -A(t)

This is the same second order differential equation describedin the previous

section on crash profiles. The response of this system- with C =0 to various

symmetrical pulses having equal area is shown in Figure 4. These responses

indicate that forl < 1 a displacement exists which all responses reach at theT
same time. For instance, at- = 1 all responses reach a value of--l at! = 1.TL

This means the natural period of inertia sensor should be as-long or longer

than the crash pulse duration to insure that the effects of pulse shape are

negligible.

This analysis of crash sensor reponse is based upon a linear model. Fabri--

cation techniques and materials may prevent an actual crash sensor from

responding in a linear fashion. Therefore, the conclusions reached should

be regarded as approximations and may be revised when the non-linearities

of a particular sensor have been defined.

Longitudinal Sensor

In the longitudinal direction, the design crash acceleration as given in Fig 1

is a triangular pulse with a peak of thirty g's and a time duration of 104 milli-

seconds. Since this is the crash input to be protected against, it is also the

critical crash acceleration profile that is applied to the crash sensor. The

minimum acceleration level can be determined from the load factor of the air-

craft. Since the majority of general aviation aircraft have design load factors

of 3 to 4 g's, an acceleration in excess of this indicates the aircraft is loaded

beyond its normal capacity as would be the case in a crash situation. There-

fore, an acceleration level of 5 g's was arbitrarily selected as the acceleration

that would indicate a crash condition existed. In the longitudinal direction an

acceleration level of 5 g's is reached in about 9 milliseconds, which is the re-

sponse time required for the sensor. The maximum natural frequency of the

sensor required to minimize pulse shape effects can be determined from the

critical acceleration pulse. The ratio of the input pulse width to natural per-

iod of the sensor should be less than or equal to one, which means the natural

frequency of the sensor should be less than cr equal to 10 Hz. Another factor
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to take into account is the impact angle the aircraft might have in a crash en-

vironment. How many degrees from the longitudinal axis of the aircraft can

a critical acceleration be detected by the sensor? Based on the capability of

current sensors and because of a lack of data or other criteria, the impact

angle was arbitrarily set at i25 ° . This results in the sensor requirements

for the longitudinal direction being those given below.

critical- acceleration pulse: symmetrical triangular pulse with
30 g peak and duration of 104 milliseconds
impact angle: ±250

response time: 9 milliseconds

natural frequency: < 10 Hz

The location of the longitudinal sensor should be as far forward in the aircraft

as possible. This will provide for the earliest possible detection of a crash

situation. On a single engine aircraft, the sensor should be mounted in the

forward area of the engine compartment and in multi-engine aircraft the sensor

should be mounted in the nose.

Vertical Sensor

The vertical crash acceleration, also given in Figure 1, is a symmetrical

triangular pulse with - peak acceleration of 58 g's and a pulse width of 54

milliseconds. This pulse is similar to the longitudinal acceleration except

that it has a shorter time and a higher peak. This means a different sensor

will be required for the vertical airbag system. Using the same criteria

that was used for the longitudinal sensor, the requirements for the vertical

direction were determined.

critical acceleration pulse: symmetrical triangular pulse with

48 g peak and duration of 54 milliseconds

impact angle: ±250

response time: 3 milliseconds

natural frequency: < 20 Hz
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The mounting location for the vertical sensor should be approximately 14

inches below the cabin floor of the aircraft. This distance is required to in-

sure that the critical acceleration pulse can be detected quickly enough to

inflate the vertical airbag system. The activation signal from the vertical

sensor should also be used to initiate the longitudinal airbag system and visa

verse. Inflating both restraint systems in the event only one sensor detects

a crash situation will provide the airplane occupant with maximum possible

protection during an accident.

Inflator Selection

The inflator or energy source is the component of an airbag system that sup-

plies the gas to inflate the cushion after an actuation signal from the crash

sensor has been received. Energy sources for inflatable restraint systems

must supply a rapid flow of gas and provide some initial control of that

energy. The sensor signal either ignites a propellant which generates the

gas or it releases a previously stored high pressure gas. Once the gas is

released it is directed into the cushion through a gas distribution mechanism.

This device consists of a manifold, filter, and diffuser which direct the flow

of gas for proper airbag inflation'and pressure distribution (Ref 24). Infla-

tors used in current air cushion restraint systems can be separated into four

general catagories.

... Stored Gas Inflators

... Cool Gas Generators

... Hybrid Inflators

... Aspirated Inflators

Stored Gas Inflators (Ref 24 and 25)

Stored or bottled gas inflators provide a relatively efficient energy source

and are generally used for applications where minimal weight and storage

volume are not required. These inflators usually have a compressed gas

(at pressures up to 5000 psi) stored in a pressure vessel and release it upon
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command by a valve attached to the bottle. This relearc valve consists of
a diaphragm or rupture disk that normally maintains the high pressure gas

storage. Upon receiving a signal from the sensor a detonator is ignited

which ruptures the release valve and initiates the gas flow. In addition to

the release valve, there may be another valve that controls the flow of gas

into the cushion. The purpose of this valve is to provide even pressure

distribution during release of the gas so that the initial forces of the inflating

bag are reduced.

I
As the gas exits through the release valve, its temperature will either in-

crease or decrease depending on the Joule-Kelvin coefficient of the gas.

Helium will exhibit an increase in temperature during expansion while nitro-

gen will cool to approximately -200 F when expanded from a pressure vessel
initially at 5000 psi and 60°F. If the particular application of the stored gas

F inflator cannot tolerate the heating or cooling effects, there are techniques

available which will limit the change in temperature to more reasonable

ranges.

A typical stored gas inflator is shown in Figure 22 and the characteristics

of this type of inflator are given below.

... low temperature gas

4, ... low toxicity

low flexibility (bag volume and inflation time)

... temperature and pressure sensitive

... high weight and storage volume

... high pressure gas storage required

Cool Gas Generator (Ref 24 and 25)

A gas generator is an inflator that generates the gas required to fill the air

cushion by burning a solid propellant. For restraint system application, this

type inflator functions when an igniting squib is energized by a sensor. Th's

action ignites a propellant which contains an oxidizing agent that supports the
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reaction once it is started. The propellant burns rapidly producing hot gas

which is cooled as it passes through a liquid, solid, or gaseous refrigerant.

After being cooled by the refrigerant the gas passes through a filter that traps

solid particles and diffuses the gas as it fills the attached airbag.

Cool gas generators can be designed to operate over a wide temperature range

and deliver almost any quantity of gas at any temperature or pressure. Typ-
ical performance parameters for this type of inflator are:

... Operating time: 20 to 30 milliseconds

... Operating pressure: 500 to 5000 psi

... Delivery pressure: 10 to 3000 psi

... Delivery temperature: -40 to +4000 0F

[. ... Operating temperature: -65 to +220°F

To obtain this wide variation of performance parameters, a variety of pro-

pellant-refrigerant combinations can be utilized, depending on the output

gas required. Some of the common refrigerants used in these inflators are
water, ammonia, carbon dioxide and Freon components. The main advantage

k of the cool gas generator over a compressed gas inflator is a significant re-
duction in weight, size and storage pressure. Figures 17 and 18 illustrate

two types of cool gas generators and typical operating characteristics for

inflators of this kind are:

... low weight and storage volume

... no stored gas leakage

... low maintenance requirements

... high flexibility

... medium toxicity

... high gas temperatures

Hybrid Inflators (Ref 24)

A hybrid inflator provides the required volume of gas by combining the output

of two types of inflators. The first source is a gas generator that produces
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hot gases by burning a solid propellant. The second source is a stored gas

which provides energy to the system quickly and cools down the hot gases

from the gas generator.

The gas cooled hybrid inflator mixes the gases from a gas generator with a

gas stored in a high pressure bottle to produce a cooler exit gas. The hybrid

inflator reduces the volume of high pressure gas that must be stored and in

some applications can be used as a dual level inflator. The high pressure gas

can be released without igniting the gas generator to provide a low level out-

put, or a high level output could be obtained by activating both energy sources.

A hybrid infltor consists of a high pressure vessel, a gas generator housing,

a propellant, a squib and detonator, and a release valve. The pressure vessel

contains a high pressure inert gas and the gas generator includes a solid pro-

pellant, an oxidizer, and a squib. The squib initiates the gas generator pro-

cess by igniting the propellant, the generator housing directs the flow of hot

gaa and thereby contro , the mixing of the gases. The detonator is used to

rupture a diaphragm, thun releasing gas into the manifold. Gas flow rates can

be regulated by controlling the surface area and composition of the propellant

and the exit orifice. A representative hybrid inflator is shown in Figure 16

and operating characteristics for this type of device are as follows:

... low toxicity

... flexible gas thermodynamics

... medium weight and storage volumes

... medium gas temperatures

... temperature and pressure sensitive

Aspirat.d Inflatos (Ref 19 and 25)

In applications where a low pressure, high volume gas supply is required, an

aspiraor or jet pump can be used with any of the previously discussed infla-

tors to augment te gas supply. An aspirator is essentially a pump that utilizes

the kinetic energy of one quid to calise motion of another fluid. A primary high
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velocity fluid is supplied to the aspirator and its kinetic energy includes mo-

tion of the ambient fluid near the inlet. These two fluids pass through a mixing
M section where a portion of the fluid's kinetic energy is converted into an in-

crease in static pressure.

A generalized aspirator consisting of primary flow tube, an inlet area and a

diffuser or flow channel is shown in Figure 23. At the inlet, the primary flow

is a concentrated jet that contains most or the kinetic energy of the system.
The shear area between the primary flow and the ambient area is highly tur-

bulent which causes the two gas streams to mix. The gases travel down the

flow channel and are progressively better mixed. The primary jet diffuses

and transfers part of its kinetic energy to the secondary air. If the mixture

Usection is not long enough, the gas streams will not be sufficiently mixed to
attain maximum performance. This would be the case if the mixing tube were

terminated at Plane 2. The optimum location for the exit is at Plane 3, where

the two gas streams are evenly mixed. If the mixing section is too long (Planef 4) , wall friction effects decrease the performance of the aspirator. The approx-

imate shapes of the velocity profiles are shown to the right of the aspirator

schematic. The parameter that describes an aspirator t s mixing efficiency is
r4, the ratio of characteristic length (L) to flow channel diameter (d). For a

simple aspirator which has only one primary flow nozzle, L/d is approximately

6. If envelope restrictions do not allow optimum ratios to be achieved, the per-

formance of a shortened aspirator can be increased by using more than one

primary flow nozzle, Better distribution of the primary fluid momentum across

the inlet area is achieved and less length is required to attain complete mixing.

The performance of an aspirator is described by a pumping ratio, i , which is

defined as the ratio of secondary fluid mass to primary fluid mass.

a
The pumping ratio is related to the aspirator geometry by the term A/w

A = throat cross sectional flow area

w = primary fluid mass flow rate

For low discharge pressures the relationship between the pumping ratio and

A/W is approximately linear, the higher the value of A/w, the larger the
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pumping ratio. However, the pumping ratio decreases as the discharge pros-

sure is increased, and at some increased pressure, the aspirator reaches a

stall condition. In this condition, no ambient fluid is being entrained, and

the primary fluid is backflowing through the aspirator. The aspirator is es-

sentially a fluidic check valve. It is obvious that an aspirator operates simi-

lar to a pump or fan because the performance is reduced with an increase in

discharge pressure. To increase the capacities available from an aspirated

inflator, units can be staged to produce a high volume-low pressure mode

along with a low volume-high pressure mode. In Figure 24 the operation of

an aspirated inflictor is illustrated and typical characteristics of this kind of

inflator are:

... reduced gas source requirements

... low noise

... low compartment overpressures

... low toxicity
... multiple impact capability
... medium gas temperatures

Inflator Evaluation

The selection of an inflator for a general aviation inflatable restraint system

was made by comparing the characteristics of the different inflators with the

design goals previously estabished for the vertical and longitudinal airbag

restraints. The design goals were classified into two groups, dynamic re-

quirements and operational requirements.

Dynamic requirements

... pressure

.. volume

... inflation time

... displacement

Operational requirements

... bag surface temperature
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noise

... toxicity

... weight

... storage volume

The dynamic requirements for the vertical and longitudinal restraints are

different and when compared with inflator characteristics resulted in the

following evaluation.

Vertical Airbag Restraint Inflator

Acceptable

... Gas Generator

Hybrid Inflator

... Store Gas Inflator

Unacceptable

... Aspirated Inflator

Longitudinal Airbag Restraint Inflator

Acceptable

... Aspirated Inflator

... Gas Generator

... Hybrid Inflator

... Stored Gas Inflator

All four types of inflators are capable of meetng the dynamic requirements

of the longitudinal restraint but only three satisfy the vertical restraint's

requirements. An aspirated inflator would not be practical because of the

high bag pressure required.

Since the longitudinal and vertical inflatable restraints both have the same
operational requirements, inflator characteristics were compared with only
onc set of requirements. This comparison is illustrated in Table V. Examin-

ation of the operational requirements indicated that an optimum inflator would

minimize each parameter. Opposite these parameters, each inflator's rela-

tive characteristic was listed as low, medium, or nigh and the following

values were assigned these designations:
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... low - 1

... medium - 2

... high - 3

An operational cost was determined by summing the values for each inflator

over all operational requirements. Since the lowest operational cost is in-
~dicative of the optimum inflator, the rank of inflators with respect to the

~operational rcequirements is

1I. Aspirated Inflator

2. Gas Generator
3. Hybrid Inflator
4. Stored Gas Inflator

The evaluation of the inflators- in comparison with the design goals resulted

in an aspirated inflator selected for the longitudinal restraint and a gas gen-

erator for the vertical restraint. This can be summarized as shown below.

Longitudinal Inflator
... aspirated inflator (gas generator)

... meet longitudinal dynamic requirements

airbag pressure - 2.75

airbag volume - 6 cu ft

inflation time - 30 - 40 msec

displacement - 19 in.

Vertical Inflator

... gas generator

... meet vertical dynamic requirements

airbag pressure - 10.5 psig

airbag volume - 4 cu ft

inflation time - 20 - 25 msec

displacement - 12.5 in.
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Inflatable Cushion (Ref 25)

The inflatable cushion ip the component of an airbag restraint that inflates

and restrains the occupant from impacting against the interior of the cabin.

The cushion must be fabricated from a material that can withstand the in-

flation and occupant impact forces and yet not deteriorate when compressed

for long periods of time in a small container. The material should also have
a high strength to weight ratio. A recent study (Ref 25) investigated air
cushion design criteria and outlined the factors that should be considered

in the selection of materials and methods of fabrication. The materials and

fabrication technique given below were chosen as the optimum for an infla-

table cushion.

Fabric

Yarn - nylon 5.5 oz/sq yd

Weave - ripstop

Coating - neoprene 1.5 oz/sq yd

Fabrication

Vulcanized seams

Flat seams

Cushion Package

Material - ABS - vinyl/urethane foam composite

Fabrication - tear away seams

System Readiness and Diagnostic Indicator

The system readiness and diagnostic indicator electronically monitor critical

parameters of inflatable system components, such as gas pressure, propel-

lant condition, detonator and squib continuity, and crash sensor continuity

(Ref 24) . It also reports on the condition of electrical power required for

operation. Information from the different monitoring stations, indicating the

operating status of the system is displayed on a panel that is visable to the

occupant. The operating characteristics of the readiness and diagnostic in-

dicator depend primarily on the actual hardware components used in an
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inflatable restraint system which implies that each indicator is unique and can

only be used with a particular system. More research is needed to adequately

define the operating criteria for an indicator used in a general aviation inflat-

able restraint, however, some general requirements can be determined now.

... provide visable and audible signal upon detection of vital

component failure

... visably indicate operational readiness of inflatable system

... protect againet accidental operation

8
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CONCEPT DEVELOPMENT AND SELECTION

ZI Four inflatable restraint system concepts were developed utilizing the general

aviation aircraft composite interior and airbag manufacturers hardware data.

11 These concepts were designated as:

... Dual Cushion System

... Unit Cushion System

... Seat Back System

... Inflatable Belt System

The dual cushion system, shown in Figure 25, has separate airbags and infla-

tors for the longitudinal and vertical system. The vertical inflatable restraint

has the cushion mounted under the seat with the inflator mounted beneath the

floor. The airbag inflates when a crash acceleration in the vertical axis is

sensed. As the cushion inflates, it activates a release mechanism in the seat

legs that allows the seat to collapse permitting the airbag to fully support the

seat and absorb the energy. In the longitudinal direction the cushion is

mounted on the control panel above all the indicators and the inflator is

mounted directly behind the cushion pack. In the event of a crash, the occu-

pant is thrown into the inflated cushion which provides a tolerable restraining

force through which he displaces, thus dissipating the energy. A disadvan-

tage to this concept is the possibility that the inflator may puncture the cabin

floor and be pushed into the cabin interior in a vertical crash. If this event

should occur the occupants would be prevented from coming in contact with

the inflator by the seat pan and cushion; however, the intrusion of the infla-

tor into the cabin space could reduce the allowable stroking distance of the

seat pan. This would cause more energy to be transfered to the occupant and

increase the probability of injury.

The unit cushion system, shown in Figure 26, has a single bag and inflator

for restraints in both the vertical and longitudinal directions. The airbag

and inflator are mounted under the seat. During the inflation sequence the

lower section of the bag deploys underneath the seat, dissipating the vertical
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energy as the seat collapses. The upper section comes up the side of the

seat, inflates directly in front of the upper torso, and absorbs the longi-

tudinal energy as the upper torso rotates forward. This concept also has

the drawback of possibly having the inflator intrude into the cabin interior

during a vertical crach thereby reducing the allowable displacement of the

seat.

The seat baek inflatable restraint system, shown in Figure 27, has two sep-

arate airbag systems, one for vertical restraint and one for longitudinal re

straint. The restraint for the upper torso consists of two L shaped bags that

come around the side of the occupant and hold him to the seat back. The seat

back is hinged to an energy abosrber which dissipates the longitudinal energy

as the upper torso and seat back rotate. The vertical airbag iW mounted on the

aft section of the seat pan and deploys underneath the seat in a crash environ-

ment. The inflators for both the upper torso and vertical restraint are mounted

on the seat back.

The inflatable belt system, shown in Figure 28, also has two separate inflatable

restraint systems with the vertical airbag system the same as the one in the pre-

vious concept. The longitudinal restraint system is an integral part of the seat

belt. In a crash situation, the bag inflates and fills the space beteen the upper

torso and control panel. As the occupant's upper torso rotates forward it com-

presses the airbag and dissipates the energy. The inflator for this airbag is

mounted on the back of the seat and the gas is supplied to the airbag through

hoses mounted in the seat belt.

Concept Selection

The selection of a particular concept was made by comparing each concept

with the evaluation criteria listed below.

... normal operation of aircraft's controls

... no interference with control panel after two seconds

... no impairment of visability after two seconds
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. provide restraint for all aircraft occupants

... protection from accidental operation

... no hazardous flight conditions

, ninimum maintenance requirements

... retrofit capabilities

... no operational difiiculties

This criteria was dictated by the objectives of the programs and is mostly

self explanatory with the exception of operational difficulties. Operational

difficulties were defined as problems that might arise when two or more in-

flatable systems in close proximity to each other are activated. Will the de-

ployment of one restraint interfere with the deployment of an adjacent one?

An illustration of the comparison between concepts is given in Table VI. Each

concept was compared with the evaluation criteria and given a value of one if

it satisfied the criterion and a value of zero if it did not. A performance fac-

tor was determined for each concept by summing these criterion values. The

concept with the highest performance factor was selected as the best inflatable

restraint system for use in general aviation aircraft as seen from Table 6; this

concept was the inflatable belt system.
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CONCLUSIONS

The results of this program indicate that an inflatable restraint system can

be used ir. a general aviation aircraft to fully protect the occupant against

severe crash loads. In the longitudinal direction, an airbag restraint system

can fully protect a lap belted occupant from the severest survivable crash

input. The severity index for an occupant restrained by an airbag that fully

deflates as the occupant is displaced forward is well below the threshold of

head injury. If the airbag does not fully deflate and applies a force to the oc-

cupant as he returns to his initial position, the severity index is only slightly

lower than the head injury threshold. Therefore, it appears that an airbag

that fully deflates as the occupant goes forward is the type inflatable restraint

system to be used in general aviation aircraft.

Another finding of the program was that an optimum airbag force existed for

each occupant weight investigated. These optimum forces are in direct pro-

portion to the occupant's weight. The heavier man has a higher optimum force

than the lighter man. If the force applied to the occupant by the airbag depends

primarily on the bag pressure and the contact surface between the occupant

and airbag, lower weight occupants would have smaller contact surfaces than

heavier occupantc, and would naturally adjust a constant pressure airbag to a

lower force. This means that it may be possible to have an inflatable restraint

system designed for one pressure that would provide the optimum restraining

force for every occupant weight.

This possibly should be furthe:" investigated since the interaction dynamics

of the occupant and cushion are not well defined at this time. It is not certain

exactly how the airbag forces are -nerated during occupant impact. Mem-

brane effects, bag elasticity and pressure variations during impact could alter

the possibility of using one airbag pressu-e for all occupant weights.

For protection frum vL.tLudl .A. loads, the piogram showed that an inflatable

system can be used t ) reduce the crash loads to tolerable levels for the occu-

pant in general aviation aircraft. However, to provide this protection and
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dissipate the energy, the seat support structure will have to be modified to

allow the seat to collapse. For the optimum protection of the seated occupant,

the force at the seat pan and its displacement must be controlled. This opti-

mum force-displacement characteristic can be provided by an airbag system

together with a mechanism that allows the seat to collapse onto the airbag.

Another modification to the seat support structure is also required to dissipate

- the energy in the vertical direction. The distance between the seat pan and

the floor should be increased to twelve inches. This distance is necessary to

provide the optimum energy absorption characteristics for attenuation of the

vertical crash load.

The preliminary specifications for vertical and longitudinal inflatable restraint

systems were determined on this program and used to develop airbag restraint

concepts for general aviation aircraft. Tile values calculated for the inflatable

syst m parameters are within the current capabilities of airbag systems manu-

facturers and the estimated additional weight of both systems is approximately

eight pounds per occupant.
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APPENDIX A

RESPONSES TO SYMMETRICAL PULSES
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Responses to Symmetrical Pulses

tThe motion of a single degree of freedom, umdamped linear system can be

"escribed by the second order differential equation given below;

2
+ x -A (t)

x = output': r

A (t) = input

The solutions of this equation for four symmetrical pulse inputs and analytical

descriptions of the inputs are:

Rectangular pulse:

A(t) = Ap (constant) o < t < T

xr (t) = (l-coswt'2

A(t) = o < t

x r Mt ) R= sinw sinL i (t -

n

Half sine pulse:

.Tt
A(t)=Ap sin-- o <t <

x r  - sin sinwij
r (t)= 2.2 L L

A(t) -o T<t

Xr 2 2cs(in V2) 2 sin , (t
WJ 7T -b W I ,. n
n n
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Versed sine pulse:

A MtA (1-cos2vt) 0 < t < T

2 2

Xr~) 2. 2 I n.1-- +--cos--C-- -COS(nt

A(t) =o
r 2 2 w wV

A 1 nA2A41 42sin% 2 1

Xr (t) = sinw 2sin(t-,/)

r 2 42_ 2 2 si%

TrianCgular pulse:

AMt =2Ap o <t <T2

TT

sinw t Ix r t) = n

A~t M 2Ap (1-t/ 1) V2 < t < T

2An I t sinwnt 2sinwn (t--/2) I

At M-o T< t

r 2 wT i n
n
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APPENDIX B

AIRBAG PROGRAM
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APPENDIX D

UPPER TORSO CONTACT SURFACE
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Upper Torso Contact Surface

A

C

B

Weight A B C Area
(ibs) (in.) (in.) (in.) (Sq in.)

014 6.5 20. 14. 313

164 6.2 18. 13. 264

124 5.8P 16. 12. 218
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